The interactions between microalgae and bacteria represent a fundamental ecological 32 relationship within aquatic environments, by controlling nutrient cycling and biomass 33 production at the food web base. However, the extent of these interactions and their metabolic 34 significance are poorly understood. To elucidate the complexity of microalga-bacteria 35 interactions, Botryococcus braunii consortia were chosen as a suitable model system with an 36 organic carbon-rich phycosphere. Here we present a comparative metagenome analysis in 37 conjunction with physiological data that allow a deep insight into the community relationship. 38
Introduction
earth, since it is generally considered that a progenitor of Botryococcus impacted the 83 development of today's oil reserves and coal shale deposits [14] . Nowadays, this cosmopolitan 84 microalga is widely considered of enormous biotechnological importance because of its 85 unique ability to produce and secrete large quantities of aliphatic (C 20 -C 40 ) hydrocarbons and 86 was performed as described recently by Maus et al [22] . The primer pair Pro341F (5′-161 CCTACGGGGNBGCASCAG-3′) and Pro805R (5′-GACTACNVGGGTATCTAATCC-3′) 162 was used to amplify the hypervariable regions V3 and V4 of diverse bacterial and archaeal 163 16S rRNAs [23] . In addition, the primers also cover the 16S rDNA gene of algal chloroplasts 164 and eukaryotic mitochondrial genomes. Furthermore, in a two PCR steps based approach, 165 multiplex identifier (MID) tags and Illumina-specific sequencing adaptors were added to each 166 amplicon. Only amplicons featuring a size of ~460 bp were purified using AMPureXP® 167 magnetic beads (Beckman Coulter GmbH, Brea, California, USA). Resulting amplicons were 168 qualitatively and quantitatively analyzed using the Agilent 2100 Bioanalyzer system (Agilent 169
Inc., Santa Clara, California, USA) and pooled in equimolar amounts for paired-end 170 sequencing on the Illumina MiSeq system (Illumina, San Diego, California USA). This 171 sequencing approach provided ~150,000 reads per sample. An in-house pipeline as described 172 previously (default settings +-M 300) were directly filtered out. Furthermore, sequences with >1Ns 177 (ambiguous bases) and expected errors >0.5 were also discarded. Resulting data was further 178 processed and operational taxonomic units (OTUs) were clustered by applying USEARCH 179
[26] (v8.1). The resulting OTUs were taxonomically classified using the RDP [28] classifier 180 (v2.9) in 16S modus (Threshold >0.8) and compared to the nt database by means of BLASTN 181
[31]. In the last step, raw sequence reads were mapped back onto the OTU sequences in order 182 to get quantitative assignments (Supplementary data 1). 183 (Meta)Genome sequencing, assembly, binning and annotation. For each of the four 184 samples (B. braunii race A and B from linear (T1) and stationary (T2) growth phase), the 185 genomic DNA from three replicates was pooled. To obtain the metagenome sequence, fourwhole-genome-shotgun PCRfree sequencing libraries (Nextera DNA Sample Prep Kit; 187 Illumina, Munich, Germany) were generated based on the manufacturer's protocol 188 representing different time points of the cultivation and different algae communities. The four 189 libraries were sequenced in paired-end mode in a MiSeq run (2 x 300 bp) resulting in 190 11,963,558 and 11,567,552 reads for race A T1 and T2; 6,939,996 and 12,031,204 reads for 191 race B T1 and T2, respectively (total 12.75 Gb). pfamscan was used with default parameters.The genomes were manually inspected using a E-220 value cutoff of 1x10 -10 for several specific sequences listed in Table 1 and Supplementary 221 data 4. 222
The profiling of the carbohydrate-active enzymes (CAZy) encoded by the B. braunii 223 community members was accomplished using dbCAN2 This approach resulted in the reconstruction of ten high-quality (completeness >80%, 307 contamination <10%) and ten fragmentary metagenome assembled genomes (MAGs) as well 308 as seven eukaryotic genome fragments (for details see Methods, Table S1 ). To identify taxa 309 representing the ten high-quality draft MAGs, we constructed a phylogenetic tree built out of 310 a core of 53 highly conserved marker genes per genome (Figure 3 ). All abundant taxa shared 311 by both races were recovered, including the most abundant alphaproteobacterial MAG of the 312 order Rhizobiales, designated Dev-G (similar to Devosia sp. 66-14, Table S2 and Figure S3 ). 313
Additionally, MAGs of Dyadobacter and Hydrogenophaga were constructed (Dya-G and 314
Hyd-G, similar to Dyadobacter sp. 50-39 and Hydrogenophaga sp. PML113, respectively). hydroxylase genes, and were the only genomes to carry non-heme membrane-associated 347 monooxygenase alkB genes (Table 1) (Table 1) . Related to this, all genomes carry genes for the synthesis 368 but not for the degradation of polyphosphate granules (Poly-P), a polymeric reserve with a 369 significant role in the regulation of enzymatic activities, gene expression and stress adaptation 370 processes [54] . Suggesting an adaptation to phosphorous and iron limitation, all genomes 371 contained genes relevant for phosphate starvation (pst system) or siderophore biosynthesis 372 (fhu system). 373
Looking at the primary metabolism, all genomes encode genes for processes essential for 374 aerobic respiration ( Figure S5, Supplementary data 3) . Genes that enable pyruvate 375 fermentation to lactate, acetate and ethanol are also present, showing a versatility of the 376 community members to switch between aerobic and anaerobic metabolisms depending on the 377 oxygen availability. All except Mycobacterium genomes contained genes for both the aerobic 378 cobalamin (vitamin B 12 )-independent form and the oxygen-independent but B 12 -dependent 379 type of ribonucleotide reductases [55] (Table 1) , demonstrating adaptations to a facultative 380 aerobic life style of the B. braunii associates. 381
We were unable to reconstruct the complete cobalamin (vitamin B 12 ) synthesis pathway for 382 eight out of twelve assembled genomes. The absence of the metE gene for the B 12 -383 independent methionine synthesis pathway in these genomes (except Dya-G, Bre1-G and 384
Hyd-G) implies the need of exogenous supply of vitamin B 12 for survival ( Pimelobacter sp. Bb-B exhibited a large portfolio of metabolic gene cluster highly similar to 397 antibiotic compounds with a broad spectrum of activity against Gram-positive bacteria which 398 are exceedingly rare in the communities of B. braunii. 399
Collectively, within our survey of the microbial community accompanying the 400
Botryococcus braunii races A and B, we made complex observations, which hint at 401 interconnected food webs and are summarized in Bacteroidetes observed in this study, which had been frequently found to be associated with 435 phytoplankton, underlines the proposed existence of the 'archetypal microalga/phytoplankton-436 associated bacterial taxa' [61, 62] . 437
At first glance, the Botryococcus alga does not appear obligatory dependent on a bacterial 438 community, since the axenic strains can be fully photoautotrophically cultured without 439 vitamin supplements (Figure 1) . However, Botryococcus readily releases huge amounts of 440 organic carbon (up to 60% of DW in form of hydrocarbons and carbohydrates) into the 441 extracellular milieu (Figure S1 ), which creates a phycosphere that naturally attracts many 442 microorganisms, including those with potential damaging effects. Evolutionary fitness will 443 depend on efficient management of the "bacteria zoo" by B. braunii. (Table  472 1) explains, why B. braunii communities consist mainly of Gram-negative bacteria and only a 473 few low abundant Gram-positive species (e.g. Mycobacterium and Pimelobacter, Figure 2) . 474
Thus, the B. braunii associative consortia appears restrained by the microalgae, yet displaying 475 strong bacteria-bacteria interactions and capable to synthesize and provide a great deal of 476 substances to "fight" the potential competitors. ---------3  3  2   AlmA   2  --1  ----1  17  17  11   LadA   3  --------9  11  8   CYP153   1  --2  --1  -1  40  40 
